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Abstract: Environmental enrichment has been shown to enhance the behavioural repertoire and 
reduce the occurrence of abnormal behaviours, particularly in zoo-housed mammals. However, 
evidence of its effectiveness in reptiles is lacking. Previously, it was believed that reptiles lacked 
the cognitive sophistication to benefit from enrichment provision, but studies have demonstrated 
instances of improved longevity, physical condition and problem-solving behaviour as a result of 
enhancing husbandry routines. In this study, we evaluate the effectiveness of food- and scent-based 
enrichment for three varanid species (Komodo dragon, emerald tree monitor lizard and crocodile 
monitor). Scent piles, scent trails and hanging feeders resulted in a significant increase in exploratory 
behaviour, with engagement diminishing <330 min post provision. The provision of food- versus 
scent-based enrichment did not result in differences in enrichment engagement across the three 
species, suggesting that scent is just as effective in increasing natural behaviours. Enhancing the 
environment in which zoo animals reside is important for their health and wellbeing and also 
provides visitors with the opportunity to observe naturalistic behaviours. For little known and 
understudied species such as varanids, evidence of successful (and even unsuccessful) husbandry 
and management practice is vital for advancing best practice in the zoo industry. 


Keywords: behavior; environmental enrichment; evidence-based; husbandry; reptile; lizard; 
welfare; Zoo 


1. Introduction 


Environmental enrichment (referred to as enrichment hereafter) is used to improve 
the health and welfare of species managed ex situ, one desired outcome of which is the 
broadening of an individual’s behavioural repertoire [1]. Reptile enrichment methods 
have historically been based on the anecdotal evidence of caregivers, often drawn from 
experience with a limited group of individuals [2,3]. As such, there is limited information 
describing the impacts (positive and negative) of these methods [4—7], including the ex- 
tent to which different types of enrichment affect behaviour, and the longevity of these 
effects [8-10]. However responsible, modern collections require robust, quantitative ev- 
idence on which to base husbandry decisions; despite an increasing focus on herptile 
enrichment, this is still lacking for reptiles [1,3,6]. 

Two key points may account for this gap in our knowledge: (1) evaluating the welfare 
of reptiles is challenging [6] and/or (2) the cognitive sophistication of non-avian reptiles 
is often under-estimated (particularly compared to that of mammals and birds [8,11,12]). 
However, there is clear evidence that many captive squamates provided with enrichment 
display unexpected problem-solving skills, enhanced behavioural development and plas- 
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ticity, and reduced stereotypies, as well as greater longevity, increased breeding success, 
and improved body condition [8,13-17]. 

Here, we examine the behavioural responses (exploratory behavior and engagement 
with enrichment objects) to enrichment of three Southeast Asian varanid species held at 
Chester Zoo, UK: Komodo dragons (Varanus komodoensis), emerald tree monitors (V. pras- 
inus) and crocodile monitors (V. salvadorii). Varanid (monitor) lizards (Varanus; Merrem, 
1820) are endemic to a variety of habitats in Afro-Eurasia [5] and common within zoological 
collections. Komodo dragons are largely terrestrial, inhabiting woodland and dry savannah 
habitats of the Eastern Indonesian islands. Emerald tree monitors and crocodile moni- 
tors are largely arboreal, inhabiting rainforests and mangroves on Papua [18]. All three 
species are predominantly carnivorous, intelligent, occupy large territories and have a high 
metabolic rate compared to other reptiles [16,18—20]. 

There are five main ways in which environmental enrichment may be provided: by 
(1) creating and managing a dynamic habitat, (2) encouraging social interactions between 
individuals, (3) encouraging foraging, (4) introducing novel objects and (5) training [21]. 
These methods aim to increase behavioural diversity, reduce abnormal behaviours, increase 
the range of natural behaviours demonstrated, increase the positive use of the environment, 
and increase the animal’s ability to cope with challenges in a more natural way [22]. 
We focus here on whether, and to what extent, the provision of a variety of enrichment 
items encourages exploratory foraging behaviour and/or direct item engagement (see 
Table 1 for descriptions of enrichment items and Table 2 for behavioural definitions). The 
study individuals are routinely provided with (predominantly food-based) enrichment, 
but no long-term monitoring of its efficacy has been carried out. Additionally, because 
olfactory stimuli play an important role in foraging, mating and social interactions in 
these species [18], a mixture of food- and scent-based enrichment items was used for 
this investigation. 


Table 1. Description of enrichment conditions and the species to which they were presented. 


Enrichment Description Species 
Condition P Sampled 


V. komodoensis 


Control Keeper entered enclosure as per normal husbandry routine for two minutes. V. prasinus 


V. salvadorii 


Bedding and enclosure furniture from four mammalian exhibits: Congo buffalo (Syncerus _ V. komodoensis 


Furnishings caffer nanus) bedding; red river hog (Potamochoerus porcus) browse logs; white-faced saki ~ 
monkey (Pithecia pithecia) enclosure logs; mixed bedding from Bovidae species. V. salvadorii 

Food (ground) Hollowed log feeders filled with black crickets (Gryllus sp.) on enclosure floor. V. prasinus 
Food (suspended) Hollowed log feeders filled with black crickets (Gryllus sp.) suspended on V. prasinus 


enclosure furniture. 


Blended food items (quail eggs, quail feathers, chicken eggs) spread throughout 
Scent (trail—food) the enclosure. V. salvadorii 
Food items (quail meat, day-old chickens) were also placed along the scent trail. 


V. komodoensis 


Liquids spread throughout the enclosure (blood—water solution, fish defrosting water, 


V ; 
blended pinkie mice, blended quail eggs and feathers). prasinus 


Scent (trail) 


V. salvadorii 


A blood-water solution spread throughout the exhibit (within leaf/litter, on logs, buried 


: : V. komodoensis 
in substrate surface, as a frozen solution on ground). 


Scent (pile) 
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Table 2. Varanid lizard ethogram. 


Behaviour Description 
Bask Individual stationary underneath a heat/UV lamp for a minimum of five seconds. 
Rest Individual stationary (not under a heat/UV lamp) for a minimum of five seconds. 
Relaxed interest /awareness in proximate or novel objects, relaxed visual explorations. Calm chemical 
Explore sampling of surrounding, e.g., smelling or tasting objects or air (tongue-flicking). Individual moves 
more than half a body length from its starting position. 
Consumption of food items, including holding food in mouth, chewing and swallowing. Feeding was 
Feed ; a ; 
considered finished after swallowing had stopped. 
Social Touching, vocalising and/or signalling to a conspecific. 


Enrichment engagement 
(interest) 


Rapid chemical sampling of surrounding, e.g., smelling or tasting objects or air (tongue-flicking). 


Individual moves (more than half a body length from its starting position) directly towards and/or 


stares directly at enrichment item. 


Enrichment engagement 
(use) 


Direct manipulation of enrichment item, including attempts to reach the item and/or active following 


of scent trails. Where live food was presented, included chasing food items. 


We predicted (P.1) that the provision of enrichment would increase exploratory be- 
haviour, compared to control trials and (P.2) that the magnitude of any changes in ex- 
ploratory behaviour would differ by enrichment type. We also predicted (P.3) that en- 
gagement with enrichment would differ by item type and (P.4) that engagement would 
diminish over time as the stimulating effect of novelty wore off. Finally, we predicted (P.5) 
that individuals would engage with food-based enrichment items for longer than with 
scent-based items. We made no predictions about species-specific responses to enrichment 
or enrichment type, because the data were too sparse (see Section 2.3) to support the 
inclusion of meaningful three-way interactions. However, we include raw data plots to 
highlight species-specific responses to enrichment provision and/or type. 


2. Materials and Methods 
2.1. Study Individuals and Housing 


Five individuals from three species were studied: V. komodoensis (one male and one 
female, both 4 years old). During the enrichment trials, the male was housed in an on- 
show mixed-species exhibit (8.0 x 14.0 x 11.5 m) with Java sparrows (Lonchura oryzivora) 
with an average ambient temperature of 26-28 °C. The female was housed singly in an 
off-show exhibit (4.0 x 3.3 x 2.5 m) with an ambient temperature range of 22-28 °C 
and infra-red heaters providing basking spots with a temperature range of 27-44 °C; 
V. prasinus (one male and one female, 15 and 8 years old, respectively) was housed in a 
single-species enclosure (2.0 x 1.5 x 2.5m) with an ambient temperature range of 20-28 °C, 
a radiant panel heater and 160 w solar raptor spot lamps to provide basking spots with 
a temperature range of 30-35 °C; V. salvadorii (a single female, 11 years old) was housed 
in a single-species enclosure (5.5 x 2.0 x 4.0 m) with an ambient temperature range of 
21-27 °C, a ceramic panel and infra-red heaters providing basking spots with a temperature 
range of 33-35 °C. All individuals were assessed to be in good clinical health prior to and 
throughout sampling. 


2.2. Testing Protocol 


Following a three-week pilot study in December 2014, the study individuals were 
presented with a randomized series of six enrichment conditions (Table 1), plus a control, 
over the course of 16 weeks (8 January 2015 through 6 May 2015). Different enrichment 
conditions were only presented once to each species, but not all species were presented 
with all possible enrichment types (see Table 1); the control was presented four times to 
each species. Once a week, each species was observed on one day, for a total of 80 min, split 
into four 20 min blocks: (1) pre-enrichment, (2) during-enrichment, (3) post-enrichment 
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1, and (4) post-enrichment 2. Blocks one and two were contiguous, spanning the 40 min 
prior to and following the introduction of the enrichment/control item (at approximately 
1100 h). To examine the longevity of the enrichment effect, blocks 3 and 4 began at 
random times, 30-150 min and 151-330 min, respectively, after the introduction of the 
enrichment/control. Control trials were time-matched with enrichment trials to control 
for potential diel effects. Because captive animals often respond to known keepers and/or 
their distinctive uniformed appearance, the observer (N = 1) wore ‘normal’ clothing and 
carried out observations from the public viewing windows. 


2.3. Data Collection 


Following an adapted ethogram [23,24] (Table 2), behavioural data were collected 
(with pen and paper) using continuous all-occurrences focal animal sampling [25]. This 
yielded a total of 94 h and 24 min of data over 47 observation days and 71 observation sessions. 


2.4. Data Preparation 


To prepare our data for analysis, we removed any (20 min) observation blocks in 
which the study individuals were out of sight for the entire duration (N = 24). In order 
to compare the effect of food- and scent-based enrichment, we collapsed enrichment 
conditions into food-based (Food (ground), Food (suspended), Scent (trail-food)) and scent- 
based (Furnishings, Scent (trail), Scent (pile)). For our response variables, we calculated 
the proportion (expressed as a percentage throughout) of observation time individuals 
spent in exploratory and enrichment engagement behaviour (see Table 2). Beta regression 
is the most appropriate way to model proportion data (described in Section 2.5), but these 
models cannot handle values of exactly zero or one. Therefore, we compressed the range 
of the data according to the following equation: p° = (p(n — 1) +1/2)/n, where p is the 
original proportion, and n is the sample size [26]. 


2.5. Statistical Analysis 


All analyses were carried out using the software R, version 4.1.0 [27]. We used the 
package ‘glmmTMB’ [28] to fit three Beta GLMMs (Generalized Linear Mixed Models) with 
logit links. The Beta distribution is typically used to model continuous proportion data, and 
the logit link function ensures positive fitted values that range from 0 to 1 [29]. Proportion 
data are by definition limited to numerical values between, and including, 0 and 1, and 
their variance is rarely constant across the range of the predictor(s). As such, they typically 
violate two important assumptions of standard statistical techniques (normality of errors 
and constant variance) [30]. This makes analysis using familiar techniques (such as linear 
regression and ANOVA and their extensions) inappropriate. Transformations are often 
applied to proportion data, so that linear models can be used [31], but these result in biased 
estimates and difficulties in interpretation. However, after the appropriate adjustment 
(detailed above), beta regression provides a robust and easily interpretable approach to 
modelling proportion data. 

We used a full model approach throughout, and model fit and assumptions were 
verified by plotting residuals versus fitted values with the package ‘DHARMa’ [32]. We 
determined the significance of the fixed effects using likelihood ratio tests. We fitted full 
and restricted models (models in which the parameter of interest, the fixed effect, are 
withheld, i.e., fixed to 0) and based test statistics on comparisons of the full model with the 
restricted models. The significance of the likelihood ratio test statistic is calculated using 
a chi-squared distribution with the appropriate degrees of freedom. Post-hoc tests were 
carried out using Tukey’s HSD (honestly significant difference) tests, with the package 
‘emmeans’ [33]. All statistical tests were two-tailed with « set to 0.05. 

All models included the same control variables: sex (factor with two levels: female, 
male) and days since last feed (continuous numeric variable: range 0-31). Days since 
last feed was scaled and centred prior to analysis. To incorporate the dependency among 
observations of the same individuals, of the same species, across the four observation 
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blocks, all models included the same random effects structure; trial nested in individual, 
nested in species was used as a random intercept. 


2.5.1. Model 1: Effect of Enrichment on Exploratory Behaviour 


To model the proportion of time that individuals spent in exploratory behaviour as a 
function of enrichment provision (P.1) and type (P.2), we included the interaction between 
the fixed-covariates observation block (factor with two levels: pre-enrichment, during 
enrichment) and enrichment type (factor with 7 levels: control, furnishings, food (ground), 
food (suspended), scent (trail-food), scent (trail), scent (pile)). 


2.5.2. Model 2: Effect of Enrichment Type on Engagement Time and Longevity 


To model the proportion of time that individuals spent engaging with enrichment 
items as a function of enrichment type (P.3) and to examine the longevity of this effect (P.5), 
we included the interaction between the fixed covariates observation block (factor with 
three levels: during enrichment, post-enrichment 1, post-enrichment 2) and enrichment 
type (this time excluding the control condition). 


2.5.3. Model 3: Effect of Food- vs. Scent-Based Enrichment on Engagement Longevity 


To model the effect of food- vs. scent-based enrichment over time (i.e., to compare the 
longevity of each) we included the interaction between the fixed-covariates observation 
block (factor with three levels: during enrichment, post-enrichment 1, post-enrichment 2) 
and enrichment type (factor with two levels: food, scent). 


3. Results 
3.1. Effect of Enrichment on Exploratory Behaviour 


As predicted (P.1 and P.2), the provision of enrichment increased the exploratory 
behaviour, and the magnitude of this increase differed significantly by enrichment type 
(likelihood ratio test (LRT); x7(6) = 16.844, p = 0.001: Figure 1a). Post-hoc testing revealed 
that the food (hanging) (Tukey HSD; P = 0.008), scent (pile) (Tukey HSD; p < 0.001), and 
scent (trail) (Tukey HSD; p < 0.0001) conditions were all associated with significant increases 
in exploratory behaviour (Figure 1a). However, no significant differences in exploratory 
time were observed between the pre- and during-enrichment blocks in response to the 
control (Tukey HSD; p = 0.877), furnish (Tukey HSD; p = 0.110), food (ground) (Tukey HSD; 
p = 0.211), or scent (trail-food) (Tukey HSD; p = 0.666) conditions. Furthermore, throughout 
the during-enrichment block, the food (hanging), scent (pile), and scent (trail) conditions 
were all associated with significant increases in exploratory behaviour compared to the 
control conditions (Tukey HSD; p = 0.008, p = 0.004, p = 0.001, respectively: Figure 1a). 
Species-specific responses are shown in Figure 1b. 


3.2. Effect of Enrichment Type on Engagement Time and Longevity 


As predicted (P.4), engagement with enrichment items diminished over time (LRT; 
x?(2) = 32.667, p < 0.0001: Figure 2a). Engagement with enrichment was significantly 
lower in the post-enrichment 2 block than the during- and post-enrichment 1 blocks (Tukey 
HSD; p < 0.001, p = 0.049, respectively: Figure 2a). However, contrary to P.3, we found no 
significant effect of enrichment type on engagement longevity during or after enrichment 
provision (i.e., engagement with enrichment diminished more or less equally over time, 
regardless of enrichment type (LRT; x7(10) = 8.719, p = 0.559: Figure 2). Species-specific 
responses are shown in Figure 2b. 


3.3. Effect of Food- vs. Scent-Based Enrichment on Engagement Longevity 


Contrary to P.5, we found no significant difference in the longevity of engagement 
associated with food- vs. scent-based enrichment items (LRT; x7(2) = 1.599, p = 0.452: 
Figure 3a). Engagement with both enrichment types diminished, as described in Section 3.2 
above. Species-specific responses are shown in Figure 3b. 
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Figure 1. (a) Effect of enrichment provision on exploratory behaviour in three varanid lizard species. 
Large points and error bars represent predicted means + standard error from a Beta GLMM. Small 
points represent individual trials (raw data). (b) Species-specific effect of enrichment provision on 
exploratory behaviour in three varanid lizard species. Large points and error bars represent raw 
data means and 95% non-parametric bootstrap (10,000 samples) confidence intervals. Small points 
represent individual trials (raw data). 
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Figure 2. (a) Engagement with enrichment items over time in three varanid lizard species. Large 
points and error bars represent predicted means + standard error from a Beta GLMM. Small points 
represent individual trials (raw data). Line of best fit through raw data to indicate trend. (b) Species- 
specific engagement with enrichment items in three varanid lizard species. Large points and error 
bars represent raw data means and 95% non-parametric bootstrap (10,000 samples) confidence 
intervals. Small points represent individual trials (raw data). 
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Figure 3. (a) Engagement with food- and scent-based enrichment items over time in three varanid 
lizard species. Error bars represent the standard error of the mean. Raw data plotted as small circles 
behind the main plot. (b) Species-specific engagement with food- and scent-based enrichment items 
in three varanid lizard species. Large points and error bars represent raw data means and 95% 
non-parametric bootstrap (10,000 samples) confidence intervals. Small points represent individual 
trials (raw data). 
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4. Discussion 


This study examined the responses of three captive varanid lizard species to the provi- 
sion of enrichment by comparing their exploratory behaviour and engagement with six 
different types of enrichment items and a control. Lizards exhibited significant increases in 
exploratory behaviour in response to hanging feeders, scent piles and scent trails. Contrary 
to our predictions, we found that engagement with these different enrichment types dimin- 
ished more or less equally over time, returning to baseline levels by the post-enrichment 
2 block (151-330 min after introduction). This finding held true when enrichment types 
were binned into food- and scent-based categories, i.e., no significant differences in the 
longevity of the enrichment effect were observed. Considered together, these results con- 
firm that the provision of enrichment can be effective in promoting explorative behaviour 
and engagement in captive varanids. Specifically, our findings indicate that (a) not all en- 
richment types elicit similar behavioural changes, (b) that scent-based enrichment appears 
to provide the most effective cross-species stimulus and (c) that these effects can persist for 
up to 2.5 h. 

With a few exceptions [13,14], there are still very few published studies about the 
effects of enrichment on non-avian reptiles. However, our findings contribute to, and 
are largely consistent with, those that exist: for example, food-based (problem tube) and 
scent-based (conspecific male scent) enrichment resulted in significant increases in tongue 
licking and exploratory activity in juvenile black-throated monitor lizards (V. albigularis 
albigularis) [16] and male brown wall lizards (Podarcis liolepis), [34] respectively. Similarly, 
a combination of sensory and physical enrichment increased the exploratory, focused 
swimming behaviour in sea turtles (Caretta caretta and Chelonia mydas), whilst reducing 
the occurrence of stereotypical behaviours [35]. The introduction of novel enrichment 
items was also shown to elicit play behaviour in Komodo dragons [36,37] and to facilitate 
training in crocodile monitors [38]; although we did not examine these behaviours in our 
study, our findings similarly support the provision of a complex captive environment to 
physically and cognitively stimulate reptiles [13]. 

More specifically, our results confirm that the most effective enrichment types may be 
those that mimic natural challenges routinely faced by lizards in the wild. Many reptiles 
rely primarily on chemical/olfactory senses to communicate and explore the environ- 
ment [39,40], and this is particularly true of varanids [41,42]. Varanids vary enormously in 
body size (length, including tail: <300 mm to 3 m) and occupy a wide range of habitats 
and ecological niches including terrestrial predator/scavenger (V. gigantius, komodoensis), 
arboreal (V. prasinus, gilleni, timorensis, tristis), aquatic (V. mertensi, salvator, niloticus) and 
small insectivore (V. brevicauda) [43,44]. However, they are the only group of lizards that 
use the tongue exclusively for sensory function: unlike for all other lizards, it plays no part 
in food ingestion [42]. Indeed, although some debate exists, comparative studies suggest 
that the morphological specializations of varanid tongues (long, narrow, forked and deeply 
incised) relate to protrusability and sensory function [42]. Hence, the general agreement 
(yet to be rigorously tested) that the chemical/olfactory senses of varanids exceed those 
of other lizards. Komodo dragons can detect carrion from nearly 8 km away by virtue of 
airborne chemosensory signals and are reported to climb ridgelines to sniff/sample the 
wind for carrion odours over a large area [41]. Similarly, emerald tree monitors can detect 
the scent of prey hidden entirely inside tree branches [45]. 

Clearly, the varanid olfactory system is important in a wide range of feeding, social, 
territorial and courtship behaviours [39,41-43,46]. This may explain why the scent-based 
enrichment items in this study were consistently the most successful in promoting ex- 
ploration and engagement, across the three varanid species: the provision of scent-based 
enrichment stimulates what is likely the most important, sensitive and evolutionarily 
conserved sensory system in this taxa [39,47]. With respect to food-based enrichment, it is 
harder to draw meaningful conclusions from this study. This is largely because V. prasinus 
was the only species to be presented with actual food-based enrichment: V. salvadorti was 
presented with a food-based scent trail, and V. komodoensis with only scent-based enrich- 
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ment (Figure 2b). This highlights an important (solvable) shortcoming of this, and many 
other, captive enrichment studies, i.e., the use of unbalanced experimental designs. For 
example, it is important to note that our (between-species) raw data indicate a delayed 
response to scent-based enrichment in V. salvadorii, in contrast to the immediate responses 
of V. komodoensis and V. prasinus (Figures 2b and 3b). This (potential) discrepancy may be 
explained by the fact that we only sampled one individual of this species and that she was 
11 years old, technically considered geriatric [7]. The delayed exploratory response may 
simply be a result of this individual struggling /declining to move at the same speed as 
other younger study individuals. 

Small sample sizes, low replication and unbalanced designs are common problems 
in zoo-based studies, including enrichment work [8,48]. Our study clearly suffers from 
these issues, and while the results should therefore be interpreted with caution, we have 
compensated (as far as possible) by using the appropriate statistical methods. This has 
allowed us to analyse the pooled responses of three similar species to an unbalanced 
enrichment design, whilst still accounting for the similarities and differences between 
individuals and species (i.e., mixed models with random effect terms). The inclusion of 
more individuals is rarely a simple matter in zoo-based studies; however, future studies 
should (and can) insist on pre-determined balanced enrichment protocols, especially if we 
intend to extrapolate any findings to other collections and/or species. 

Here, we have shown that enrichment in the form of hanging feeders, scent piles and 
scent trails effectively stimulate exploratory and engagement behaviours in three captive 
varanid species: V. komodoensis, V. prasinus and V. salvadorii. We also present preliminary 
evidence that scent-based enrichment may be particularly effective in promoting these 
behaviours, alongside an ecologically valid explanation of why this may be so. Varanids are 
clearly complex and intelligent animals, and enrichment should be designed to physically 
and cognitively stimulate them in ways that mimic the natural challenges they would 
otherwise face in the wild. This is particularly important for the efficacy of ex situ rein- 
troduction of threatened species, especially as more lesser-known taxa are brought into 
captivity as assurance populations [3]. It is also important for the wellbeing of long-term 
captive individuals. Finally, effective enrichment can have positively influence on visitor 
perception, which may in turn promote in situ projects [21]. In sum, it is essential that 
further enrichment studies implement robust, well-balanced protocols that monitor and 
evaluate the impact of a range of randomly presented enrichment items over time. In doing 
so, we can gather a comparable, testable body of data that will allow us to improve the 
wellbeing of the wide variety of reptiles in captivity. 
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